The work functions (WF) of single-walled carbon nanotubes and bundles are studied using first principles methods. For individual metallic tubes, the WF is independent of the chirality and increase slightly with tube diameter. For semiconducting tubes, the WF (as defined by the HOMO energy) decreases rapidly. The WF of nanotube bundles (∼ 5 eV) shows no clear dependence on the tube size and chirality, slightly higher than individual tubes.
metallic and semiconducting nanotubes bundles become indistinguishable. The work function is one of the critical quantities in understanding the field emission properties of carbon nanotubes [1] [2] [3] [4] [5] . Although the work function can be estimated from the field-emission spectra based on Fowler-Nordheim model 3, 4 , the results are not reliable due to the uncertainty of the local geometry of nanotubes 4 . Other experimental measurements on work functions of both single-walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTs) included ultraviolet photoemission spectroscopy (UPS) [6] [7] [8] [9] [10] [11] and transmission electron microscopy 12 . It was found that the work functions of MWNTs are about 0.1-0.2 eV lower than that of the graphite 6, 7, 10, 12 , while the SWNT bundles have slightly higher work functions 8, 9 . Upon Cs intercalation the work functions of carbon nanotubes are reduced dramatically 9, 11 , which leads to a significant enhancement in field emission 5 . Up to now, theoretical works were only limited to a few nanotubes with finite-lengths [13] [14] [15] . In this letter,
we report results of first principles calculations on the work functions of individual carbon nanotubes and nanotube bundles. The effect of tube diameter and chirality, and the difference between the tube end and the side wall are investigated. The alkali-metal (K, Rb, Cs) intercalated carbon nanotube bundles are also discussed.
The work function of a bulk metal is related to its Fermi energy
where φ is the electrostatic potential caused by "spilling out" of electron density at the metal surface [16] [17] [18] . For those metals with low electron density such as K, Rb, Cs, it is known that φ We first address the work functions of the individual metallic SWNTs of infinite length, with diameter ranging from 5.7Å to 16.3Å . Both the armchair (n,n) and the zigzag (n,0) (n = 3m) chirality are considered. The calculated WFs range from 4.63 to 4.77 eV, given in There is no direct experiment measurement on the work functions of individual SWNTs.
But recent experiments on the MWNT tips suggest that the WFs of semiconducting tubes (∼ 5.6 eV) are high than those of metallic ones (∼ 4.6 − 4.8 eV) 12 .
To explore the difference in work function between the side wall and the tube end, we 5 carry out model calculations on several finite (5,5) tubes with length up to 21.8Å. As shown in Fig.2 , one end of the nanotube is capped by a half-C 60 while the other end is H-terminated.
The calculated HOMO energy decreases with the tube length l and approaches the infinite limit rapidly (4.87 eV, 4.63 eV, 4.55 eV for l = 3.8Å, 11.7Å, 21.8Å respectively). In Fig.3 , we plot the HOMO wave function distributions for the longest tube studied (160 carbon atoms on side wall plus 30 carbon atom on the end). The HOMO are clearly delocalized over the whole tube. The wave function at the tube end is comparable to that on the side wall.
Similar distributions can be found for the molecular orbitals just below the HOMO level.
Therefore, we expect that the work function at the tube end should not be much different from that of the sidewall. For the finite size nanotubes investigated, we find interesting oscillations in both the HOMO energy and the wave function distribution with the tube length. The oscillation period is three times that of the unit cells length along the tube axis, corresponding to the Fermi wavelength of armchair tubes 27 . This oscillation behavior implies that care should be taken when extrapolating the finite size results to the infinite limit [13] [14] [15] . Our detailed investigations on the electronic properties of finite nanotubes with different lengths and ends will be presented elsewhere. We now discuss the work functions of the nanotube bundles. The bundles are modeled by two dimensional hexagonal lattices of uniform SWNTs 28 . For all the metallic tube bundles studied, the calculated work functions are around 5 eV (see Table II Intuitively, the reduction of WFs can be understood by the charge transfer from metal to carbon nanotube, which shifts the E F of conduction band towards the vacuum level.
Experimentally, the charge transfer from metal atoms to the nanotube have been confirmed by the resistance 34, 35 and Raman spectrum 36 . However, our present results show that interaction between K (or Rb, Cs) and nanotube cannot be simply described by a rigid band model with charge transfer. Shown in Fig.4 
